ABSTRACT: Research on hydrogen-bonded organic frameworks (HOFs) has been developed for quite a long time; however, those with both established permanent porosities and functional properties are extremely rare due to weak hydrogen-bonding interactions among molecular organic linkers, which are much more fragile and difficult to stabilize. Herein, through judiciously combining the superiority of both the moderately stable coordination bonds in metal−organic frameworks and hydrogen bonds, we have realized a microporous hydrogen-bonded metal-complex or metallotecton framework HOF-21, which not only shows permanent porosity, but also exhibits highly selective separation performance of C 2 H 2 /C 2 H 4 at room temperature. The outstanding separation performance can be ascribed to sieving effect confined by the fine-tuning pores and the superimposed hydrogen-bonding interaction between C 2 H 2 and SiF 6 2− on both ends as validated by both modeling and neutron powder diffraction experiments. More importantly, the collapsed HOF-21 can be restored by simply immersing it into water or salt solution. To the best of our knowledge, such extraordinary water stability and restorability of HOF-21 were observed for the first time in HOFs, underlying the bright perspective of such new HOF materials for their industrial usage.
■ INTRODUCTION
Novel porous materials have the promise to gradually weed out the traditional costly and energy-intensive technologies, such as amine scrubbing and cryogenic distillation, through the adsorption-based gas separations.
1 Over the past two decades, extensive research endeavors on porous materials have eventually led to the emergence of porous metal−organic frameworks (MOFs) 2 and covalent−organic frameworks (COFs), 3 whose separation selectivities and capacities have surpassed those traditional zeolite materials for some important gas separations. Compared with MOFs and COFs, which are self-assembled through coordination and covalent bonding of their corresponding building units, hydrogen-bonded organic frameworks (HOFs), self-assembled frameworks by utilizing intermolecular hydrogen-bonding interactions, have recently been realized as potential porous materials as well. Although their porosities might be not as high as those of MOFs and COFs, HOFs are superior to MOFs and COFs because of their facile synthesis and characterization as well as easy purification and regeneration by simple soaking. 4 Furthermore, high porosities of porous materials are not the prerequisites for their gas separation applications. In fact, most porous materials exhibiting excellent performance for gas separations are those of moderate porosities with Brunauer−Emmett−Teller (BET) surface areas less than 1000 m 2 /g, which means that HOFs are very promising candidates for gas separations. Indeed, a few HOFs have been established for their gas separations. Because hydrogen bonding interactions are much weaker than coordination and covalent bonds, it is still very challenging to stabilize the HOFs in which most frameworks collapsed during the framework activations.
Current research on HOFs has been mainly focused on the usage of pure organic linkers or building blocks. As demonstrated in the development of mixed metal−organic frameworks (M'MOFs), 5 incorporation of metal-complexes or metallotectons into the porous materials can readily generate unique pore structures, topologies, and functionalities; however, HOFs with metal-complexes as the building units have been rarely explored. 6 The usage of [Cu 2 (ade) 4 ] (ade= adenine) to construct porous HOFs by Zaworotko group, 6b as exemplified by [Cu 2 (ade) 4 ]·2TiF 6 (MPM-1-TIFSIX), has attracted great interest. Such a simple metal-complex strategy has not only opened a new methodology to construct porous HOFs in which some unconventional organic linkers can be readily assembled into the porous materials, but also provided diverse ways to tune and functionalize the pores through the deliberate choices of metal clusters and the accessible sites on the metal centers. Herein we report a novel HOF assembled from [Cu 2 (ade) 4 ] with the cosupporting SiF 6 2− anions. To our great surprise, the resulting HOF [Cu 2 (ade) 4 (H 2 O) 2 ]·2SiF 6 (termed HOF-21) has a significantly different structure from MPM-1-TIFSIX because of the occupancy of water molecules on the copper sites in HOF-21. Accordingly, the HOF-21 has a smaller pore sizes of 3.6 Å than MPM-1-TIFSIX of 7.1 Å Furthermore, the specific binding sites of SiF 6 2− on the pore surfaces further induce their preferential recognition of C 2 H 2 molecules. Thus, HOF-21 exhibits much higher and efficient C 2 H 2 /C 2 H 4 separation properties than MPM-1-TIFSIX, as clearly demonstrated by breakthrough experiments. Neutron diffraction studies and density functional theory (DFT) calculations further confirm the recognition mechanisms. HOF-21 shows exceptionally high stability and can be easily regenerated through simple soaking in the water.
■ EXPERIMENTAL SECTION
All reagents and solvents were used as received without any purification. Powder X-ray diffraction (PXRD) patterns of the samples were recorded with a XPert diffractometer (Panalytical Corp., Netherlands) using Cu Ka (λ = 0.1543 nm) radiation at 40 kV from 5°to 40°(2θ angle range) with a scanning step size of 0.02°. Thermogravimetric analysis (TGA) of HOF-21 was performed at a heating rate of 10°C/min under a nitrogen flow on a thermogravimetric analyzer Pyris-1 TGA (PerkinElmer, USA). Infrared spectra were obtained using a Fourier transform infrared spectroscopy Nicolet iS10 (Thermo Fisher Scientific Inc., USA Activation of HOF-21 (Denoted as HOF-21a). The assynthesized HOF-21 was exchanged with fresh methanol several times to displace water molecules and then evacuated under dynamic vacuum at 298 K for 24 h to obtain activated HOF-21 before confirming the porosity.
Restoration of framework-collapsed HOF-21a. The pore structure of HOF-21a collapsed when it was evacuated under dynamic vacuum at temperature of 423 K. The collapsed frameworks (∼100 mg) were soaked into pure water (20 mL) or an aqueous solution (20 mL) containing (NH 4 ) 2 SiF 6 (0.50 mmol, 89.0 mg) for 48 h. The regenerated frameworks were collected by centrifugation and then activated under a high vacuum at room temperature for 24 h prior to porosity measurements.
Single Crystal X-ray Diffraction of HOF-21. Single crystal X-ray diffraction data of as-synthesized HOF-21 were collected at 293 K on a Gemini A Ultra diffractometer graphite-monochromatic enhanced Mo radiation (λ = 0.71073). The structure was solved by direct methods and refined by full-matrix least-squares methods with the SHELXTL program package. The solvent molecules in as-synthesized HOF-21 crystal are highly disordered. The SQUEEZE subroutine of the PLATON software suite was used to remove the scattering from the highly disordered guest molecules. Single crystal X-ray diffraction revealed that HOF-21 crystallized in the orthorhombic space group Cmcm (see Table 1 ).
Neutron Diffraction Experiment. Neutron powder diffraction data were collected using the BT-1 neutron powder diffractometer at the NIST Center for Neutron Research. A Ge(311) monochromator with a 75°takeoff angle, lambda = 2.0787(2) Å, and in-pile collimation of 60 min of arc were used. Data were collected over the range of 1.3− 166.3°2-Theta with a step size of 0.05°. Fully activated HOF-21a sample was loaded in a vanadium can equipped with a capillary gas line and a packless valve. A closed-cycle He refrigerator was used for sample temperature control. The bare HOF-21a sample was measured first at temperatures of 200 K. To probe the gas adsorption locations, a predetermined amount of C 2 D 2 was loaded into the sample at room temperature (deuterated gas C 2 D 2 was used to avoid the large incoherent neutron scattering background that would be produced by the hydrogen in C 2 H 2 ). The sample was then slowly cooled to 200 K before diffraction data were collected. Rietveld structural refinements were performed on the diffraction data using the GSAS package. 7 Because of the large number of atoms in the crystal unit cell, the adenine ligand molecule and the gas molecule were both treated as rigid bodies in the Rietveld refinement (to limit the number of variables), with the molecule orientation and center of mass freely refined. Final refinement on the positions/orientations of the rigid bodies, thermal factors, occupancies, lattice parameters, background, and profiles converges with satisfactory R-factors.
Density Functional Theory Calculations. Our first-principles density functional theory (DFT) calculations were performed using the Quantum-Espresso package. 8 A semiempirical addition of dispersive forces to conventional DFT 9 was included in the calculation to account for van der Waals interactions. We used Vanderbilt-type 
ultrasoft pseudopotentials and the generalized gradient approximation (GGA) with the Perdew−Burke−Ernzerof (PBE) exchange correlation. A cutoff energy of 544 eV and a 2 × 4 × 2 k-point mesh (generated using the Monkhosrt Pack scheme) were found to be enough for total energy to converge within 0.01 meV/atom. We first optimized the HOF-21a structures. C 2 H 2 gas molecule was then introduced to the optimized HOF structure at the experimentally identified adsorption site, followed by a full structural relaxation. To obtain the gas binding energy, a gas molecule placed in a supercell with the same cell dimensions was also relaxed as a reference. The static binding energy (at T = 0 K) was then calculated using E B = E(HOF21a) + E(gas_molecule) − E(HOF-21a + gas_molecule).
Gas Adsorption Measurements. Gas adsorption measurements were performed volumetrically in a Micromeritics ASAP 2050 adsorption apparatus. The adsorption isotherms were obtained at temperatures from 273 to 298 K and gas pressures from 0 to 826 mmHg. A roughly 150 mg sample prepared by the aforementioned synthesized methodology was used for the gas adsorption studies. The initial outgassing process was carried out under a vacuum at room temperature for 24 h. The free space of the system was determined by using the helium gas. The degas procedure was repeated on the same sample between measurements for 12 h. Ultrahigh purity grade helium (99.999%), acetylene (>99%), ethylene (99.99%), carbon dioxide (99.99%), and nitrogen (99.99%) were purchased from Jingong Co., Ltd. (China).
Column Breakthrough Experiments. In a typical experiment, 793.3 mg of HOF-21a (or 687.3 mg of MPM-1-TIFSIX) ground powder was packed into a column (4.6 mm I.D. × 50 mm). The HOF-21 and MPM-1-TIFSIX sorbents were activated in Micromeritics ASAP 2050 adsorption apparatus at 298 K under high dynamic vacuum (6 μmHg), respectively. Column packing was conducted in glovebox filled with Argon. A helium flow (5 cm 3 /min) was introduced into the column to further purge the adsorbent. The flow of helium was then turned off while a gas mixture of C 2 H 2 /C 2 H 4 (50:50, v/v) at 0.20 cm 3 /min was allowed to feed into the column.
■ RESULTS AND DISCUSSION
A slow diffusion of adenine solution into the mixed solution of Cu(NO 3 ) 2 ·3H 2 O and (NH 4 ) 2 SiF 6 at room temperature for 4 days yielded the deep blue rectangular prismatic single crystals of HOF-21. The phase purity of HOF-21 was well confirmed by matching the experimental and simulated powder X-ray diffraction patterns (see Figure S1 ) and TGA (see Figure S2 ) and EA studies. Single crystal X-ray diffraction revealed that HOF-21 crystallized in the orthorhombic space group Cmcm (see Table 1 ). As shown in Figure 1b segments to form a two-dimensional layer in ab plane, which further links with SiF 6 2− via the hydrogen bonding to generate an extrinsically porous hydrogen-bonding framework (see Figure 1c, d) . Besides, there is partial π−π stacking interaction between paralleled pyrimidine ring (see Figure 1b) , which is also absent in MPM-1-TIFSIX. As shown in Figure 1b , HOF-21 contains one-dimensional channels of about 3.6 Å in diameter paralleled to the c axis, which are much smaller than the pore channels of about 7.1 Å in MPM-1-TIFSIX. It is noteworthy that such alteration of ligands in axial positions in HOF-21 compared with MPM-1-TIFSIX (TiF 6 2− ) results in a significant difference in their connection style, especially the additional multiple hydrogen-bonding interactions between the [Cu 2 (ade) 4 (H 2 O) 2 ] 4+ and SiF 6 2− segments, which might enhance the stability of HOF-21.
The porous nature of HOF-21 revealed by crystal structure encouraged us to investigate its permanent porosity using gas adsorption experiments. First, the as-synthesized HOF-21 was exchanged with methanol several times and then evacuated under dynamic vacuum at 298 K to obtain activated HOF-21 (denoted as HOF-21a), which does not uptake any N 2 gas molecules at 77 K (see Figure S3 ). Such phenomenon has been also observed in some microporous MOFs and HOFs, and a possible explanation is that the strong interactions between N 2 and the channel windows at 77 K hinder its diffusion into HOF-21. 10 In this case, it might arise from the diffusion resistance because of pore size comparable to the kinetic size of nitrogen molecules. However, the CO 2 gas sorption isotherm of HOF-21a at 196 K clearly indicates its microporous nature with a moderate BET surface area of 339.0 m 2 /g (see Figure S3 ). The establishment of permanent microporosity in HOF-21a prompted us to examine its performance in gas separation especially for the industrially important C 2 H 2 /C 2 H 4 separation and compare with MPM-1-TIFSIX. MPM-1-TIFSIX ( Figure  2a , red) takes up a larger amount of C 2 H 2 and C 2 H 4 over 25 kPa than HOF-21a (Figure 2a , blue) because of its higher porosity; however, under low pressure below 25 kPa, HOF-21a takes up much more C 2 H 2 than MPM-1-TIFSIX. More importantly, HOF-21a takes up a much different amount of C 2 H 2 and C 2 H 4 at room temperature than MPM-1-TIFSIX, which means that HOF-21a exhibits much higher C 2 H 2 /C 2 H 4 separation selectivity than MPM-1-TIFSIX. The gas uptake of C 2 H 2 for HOF-21a is 1.98 mmol/g at 298 K and 1 bar, while the corresponding uptake of C 2 H 4 is 1.27 mmol/g (see Figure  2a) . Apparently, HOF-21a has much higher sieving effects because of its narrower pore for the separation of C 2 H 2 /C 2 H 4 . The weakly basic nature of SiF 6 2− also plays the roles for the preferential binding of C 2 H 2 over C 2 H 4 . 11 To understand the binding energy at low coverage, isosteric adsorption heats of C 2 H 2 for HOF-21a are calculated using Virial equation (see Table S2 ). As shown in Figure 2b , the initial value of Q st for C 2 H 2 in HOF-21a is in the range of 36−47 kJ/mol (line blue), which is higher than those of MPM-1-TIFSIX (30−35 kJ/mol) (line red) and even comparable to those of MOFs with open metal sites, 12 indicating the relatively strong interactions between the guest C 2 H 2 molecules and host HOF-21a framework. The increase of Q st with increasing gas loading can probably be attributed to the intermolecular interaction of acetylene molecules. To further investigate the adsorption selectivity of HOF-21a and MPM-1-TIFSIX for equimolar binary mixture of C 2 H 2 /C 2 H 4 (50:50, v/v), we performed calculations using the ideal adsorbed solution theory (IAST) with the fitted isotherms of the experimental data (Table S1 ). As shown in Figure 2c , at 298 K and 100 kPa, the adsorption selectivity of HOF-21a (7.1) is comparable to that of UTSA100a (7.4) and significantly higher than those of examined MOFs during the whole pressure range, including MMOF-74 (M = Mg, Co, Fe) (<2.2), UTSA-20a (1.5), NOTT-300a (2.3) and M'MOF-2a (3.3) except M'MOF-3a (33.2), SIFSIX-2-Cu-i (41.0) and SIFSIX-1-Cu (8.37).
11−13 Although the C 2 H 2 uptake of HOF-21a is inferior to that of the state-of-the-art SIFSIX materials, it is still much higher than outperformer M'MOF-3a, and the overall performance of HOF-21a for C 2 H 2 /C 2 H 4 is better than that of M'MOF-3a. Although several HOFs constructed by pure organic linkers have been reported for gas separation, HOF-1 is the only one exhibiting very good C 2 H 2 /C 2 H 4 separation, as preliminarily confirmed by the gas sorption isotherms.
4e Because HOF-1 displays gas sorption hysteresis at room temperature, we cannot make straightforward comparison with HOF-21a in terms of their C 2 H 2 /C 2 H 4 separation performance.
To further examine the separation performance of HOF-21a and compare with MPM-1-TIFSIX, column breakthrough experiments were performed, in which binary C 2 H 2 /C 2 H 4 (50:50, v/v) mixture was flowed at the same total flow-rate (0.20 cm 3 /min) at 298 K and 1 bar over a packed column of the HOF-21a and MPM-1-TIFSIX, respectively. As shown in Figure 2d , the efficient separation of C 2 H 2 /C 2 H 4 mixture gases through a column packed with HOF-21a can be obtained. Ethylene behaved a very fast elution through the packed bed at 4 min, whereas acetylene was retained below 40 ppm until 32 min and reached saturation at 110 min. The captured amounts of C 2 H 2 and C 2 H 4 were 0.31 mmol/g and 0.028 mmol/g, respectively, giving a separation factor of 11 for 50:50 C 2 H 2 / C 2 H 4 mixture gases and enabling HOF-21a to be a potential high-performance material for real industrial ethylene separation application. In case of MPM-1-TIFSIX (see Figure 2d , red), C 2 H 2 almost emerges at the same time with C 2 H 4 from the column bed though the retention time of both gases was much longer than that observed on HOF-21a. The separation factor is found to be only 2 on basis of their captured amounts. This also indicates that HOF-21a has a much better separation performance than MPM-1-TIFSIX.
To investigate the C 2 H 2 adsorption sites in HOF-21a, we performed high-resolution neutron powder diffraction measurements on C 2 D 2 -loaded samples of HOF-21a·C 2 D 2 at 200 K. Data were collected on a blank HOF-21a sample first, and then the sample was charged with a predetermined amount of C 2 D 2 gas molecules and measured again. The data of the fully activated, bare HOF-21a sample indicate that its crystal structure exhibits a slight lattice distortion from perfect orthorhombic crystal system, and the diffraction peaks can be in indexed to the monoclinic C2/c space group. On the basis of the SXRD structure of the as-synthesized crystal, we solved the structure of the fully activated HOF-21a using direct method and subsequently performed Rietveld structural refinement. Reasonably good fit was obtained (see Figure 3a) . For the samples loaded with C 2 D 2 molecules, Fourier difference analysis was conducted first to identify the gas molecule locations, and then full Rietveld structural refinement was carried out (see Figure 3b ). The C 2 D 2 adsorption configurations obtained from refinement are schematically shown in Figure 4a . The refined C 2 D 2 concentration is ∼0.41 C 2 D 2 per building block unit, consistent with the experimental amount of gas loaded into the material. Clearly, the adsorbed C 2 D 2 molecule (oriented in parallel to the crystallographic a axis) is bound to the F sites of two adjacent SiF 6 units with its D sites (see Figure 4a) .
To further understand the C 2 H 2 adsorption mechanism in HOF-21, we performed detailed computational investigations using first-principles DFT-D (dispersion-corrected density functional theory) method. The optimized C 2 H 2 adsorption locations and orientations are in full agreement with the experimental findings (see Figure 3b) . C 2 H 2 interacts with the HOF-21a framework through "C−H···F" hydrogen bonding, somewhat similar to the acetylene binding in SIFSIX MOFs recently reported by our group. 11 Note that in bare HOF-21a, all six F ions in the SiF 6 unit are already interacting with the hydrogen atoms in its neighboring adenine ligand, while in SIFSIX MOFs, the F sites available for gas adsorption are all uncoordinated terminal F sites. Therefore, single acetylene "C− H···F" hydrogen bond in HOF-21a is weaker than that in SIFSIX MOFs as indicated by the length of hydrogen bonding (2.215 Å in HOF-21a vs 2.017 Å in SIFSIX-1-Cu). In HOF21a, however, each C 2 H 2 molecule interacts with a SiF 6 unit on both ends and thus doubles the interaction strength (see Figure  4b) . Indeed, the calculated static binding energy of C 2 H 2 in HOF-21a is 45.1 kJ/mol, comparable to the C 2 H 2 binding strength in typical SIFSIX-MOF materials (44.6 kJ/mol in SIFSIX-1-Cu). The static acetylene binding energy is somewhat larger than the experimental Q st value but still reasonable, considering the difference in definition of the two and the accuracy limitation of the DFT-D approach.
In addition to selectivity, HOF-21 is thermally stable up to 353 K, evident by thermogravimetric analysis (see Figure S2 ).
Practically, water stability is another very important factor when considering the porous materials for their practical adsorption applications. Considering the weak hydrogen bonding within HOFs, it seems to be a daunting challenge to establish HOFs with high water stability. Actually, most HOFs except 4j MPM-1-TIFSIX, 6b and SPA-1 6i are very sensitive to water vapor, and hydrogen bonding network among the frameworks gradually collapses when exposed in air atmosphere. It seems impossible for them to survive in water. To confirm the stability of HOF-21a, the sample was first immersed into water for 24 h and then was examined its PXRD pattern. The PXRD pattern of the water-treated HOF-21a confirmed that HOF-21a was still stable under such harsh conditions (see Figure S1 ). As discussed above, the pore structure of HOF-21a can be maintained when evacuated at room temperature and temperature up to 353 K; however, it collapsed when it was evacuated under dynamic vacuum at higher temperature of 423 K, as confirmed from PXRD analysis (see Figure 5 ). This might be attributed to the loss of water molecule in axial positions. As water molecule in axial positions directly engaged in the formation of the whole hydrogen bonding network, the departure of water molecules can fluctuate or even break the structure of HOF-21a. Incredibly, by simply immersing the collapsed HOF-21a into water, the pore structures can be basically restored, as demonstrated by its gas sorption isotherm (see Figure S4 ) and PXRD patterns (see Figure 5 ). We suppose that water provides the necessary driving force to the selfassembly of HOF-21 since water plays an important role in structure stabilization by connecting to the adjacent units through hydrogen bonds (Figure 1c) . On the other hand, the SiF 6 2− played a vital role in stabilizing the pore structure of HOF-21a, especially the multiple hydrogen-bonding interactions between the cationic [Cu 2 (ade) 4 anions. On the basis of such a speculation, we put the collapsed HOF-21a into water solution containing (NH 4 ) 2 SiF 6 at room temperature for 48 h. Strikingly, the pore structures of HOF21a can be restored almost completely, as indicated by the CO 2 gas sorption isotherm of salt-treated HOF-21a at 196 K (see Figure S4 ) and PXRD patterns ( Figure 5 ). By comparison, it was clearly observed that MPM-TIFSIX could not recover when treated in the same manner (see Figures S5 and S6) . It is noteworthy that this is the first example of HOFs that can be easily recovered by simply immersing it into water or aqueous salt solution. As we have already known, the collapsed MOFs can be hardly recovered back into the porous frameworks in water or aqueous solutions. This superior property of HOF-21a in water is significantly important for its practical industrial applications.
■ CONCLUSION
In summary, we have realized a microporous hydrogen-bonded metal-complex or metallotecton framework HOF-21 with permanent porosity, which shows highly selective separation performance of C 2 H 2 /C 2 H 4 at room temperature. The outstanding separation performance can be ascribed to the superimposed hydrogen-bonding interaction between C 2 H 2 and SiF 6 2− on both ends, which is validated by modeling and neutron powder diffraction studies. HOF-21 combined the specialty of both MOFs and HOFs by introducing the metalcomplex units to the hydrogen bonding network and enabling it with thermal and extreme water stability. More importantly, the collapsed HOF-21 can be recovered back to its original structure by simply immersing it into water or aqueous solution of anion source. To the best of our knowledge, such extraordinary water stability of HOF-21, meanwhile restorability, was observed for the first time in HOFs, highlighting the bright perspective of such new special HOF materials for practical industrial application. 
